Fatigue crack growth mechanisms of long cracks through fields with low and high residual stresses were investigated for a common structural aluminum alloy, 6061-T61. Bulk processing residual stresses were introduced in the material by quenching during heat treatment. Compact tension (CT) specimens were fatigue crack growth (FCG) tested at varying stress ratios to capture the closure and K max effects. The changes in fatigue crack growth mechanisms at the microstructural scale are correlated to closure, stress ratio, and plasticity, which are all dependent on residual stress. A dual-parameter DK-K max approach, which includes corrections for crack closure and residual stresses, is used uniquely to connect fatigue crack growth mechanisms at the microstructural scale with changes in crack growth rates at various stress ratios for low-and high-residual-stress conditions. The methods and tools proposed in this study can be used to optimize existing materials and processes as well as to develop new materials and processes for FCG limited structural applications.
I. INTRODUCTION
MOST methods of processing structural metals introduce surface or internal residual stresses, which remain after all external forces, constraints, and thermal gradients are removed. These stresses result from the plastic deformation of material and phase transformation induced volume change, often a result of mechanical or thermomechanical processing. These processes are performed frequently to introduce beneficial compressive residual stresses, impeding initiation and growth of cracks, and therefore increasing crack growth threshold, decreasing growth rates, and increasing the failure stress intensity during fatigue crack growth (FCG). Conversely, tensile residual stresses, which counterbalance the beneficial stresses, have the opposite effect. As a result, residual stresses are a major source of material and component variability when processing parameters cannot be controlled sufficiently, generating bias in data generation and interpretation and ultimately leading to inaccuracies in structural analysis.
In the absence of residual stress, the nominal stress intensity range (DK) and nominal stress ratio (R) are defined by Eqs. [1] and [2] .
When the effects of residual stress are to be accounted for, the stress intensity caused by residual stresses K res must be added to the minimum and maximum applied stress intensities, K min and K max , respectively, changing the nominal stress intensity K to K app = K + K res by superposition. [1] [2] [3] [4] [5] [6] Residual stresses thus also change the nominal stress ratio R. Through the application of Eqs. [1] and [2] for stress intensity factor range and stress ratio become Eqs. [3] and [4] with the consideration of residual stresses:
where DK app and R app are the applied crack tip stress intensity factor range and stress ratio with consideration of residual stresses.
Compressive residual stresses, which produce negative K res , decrease K app and R app , and increase crack closure during FCG tests. During FCG testing, compressive residual stresses normal to the crack propagation plane are of the greatest importance because of their direct role in crack closure. If compressive residual stresses are large enough or if a specimen is FCG tested at a low nominal stress ratio subject to microstructural closure mechanisms, there will be a change in the effective DK caused by closure. This is true when the value K min + K res becomes close to zero or negative, implying crack closure caused by residual stresses. Conversely, if the residual stresses are small enough or if the specimen is tested at an intermediate or high stress ratio (~0.5 to 0.9), there will be little closure and change in the effective DK because of residual stresses. Tensile residual stresses, which produce positive K res , increase K app and R app , and decrease crack closure during FCG testing. In this case disagreement with FCG data collected in the absence of residual stress will be caused by more subtle K max effects.
In previous studies, a zero stress ratio was reported when the presence of residual stress resulted in the value of K min + K res being negative, and the superposition was applied solely to K max . [2, 3, 7, 8] This approach, although not physically accurate and not accounting for effects of residual stress after closure, has been proven to be a reasonable first-order approximation when calculating the change in DK app caused by compressive residual stresses during low nominal stress ratio tests.
The effect of microstructure on the fatigue crack growth behavior of Al-Si-Mg wrought alloys has been studied in previous work. [9] [10] [11] [12] [13] Bergner et al. [9] showed that the crack growth rates of aluminum alloys were influenced heavily by the type of age-hardening heat treatment. In the case of artificially aged alloys, incoherent precipitates result in lower crack deflection and roughness-induced closure caused by looping or bypassing of the precipitate. [9] Mn and Cr dispersoid forming elements create evenly distributed spherical and rod shaped particles in the alloy microstructure that promote tortuous crack paths and higher fracture surface roughness. [12, 13] Crack closure during cyclic loading was documented first by Christensen [14] and was later well established by Elber.
[15] Newman [16] used plasticity-induced crack closure in a finite-element program based on a strip yield model attempting to predict crack growth. It was subsequently recognized by Suresh and Ritchie [17] that other sources of closure in addition to plasticity-induced closure have significance on crack growth behavior, especially in the near-threshold regime. To establish appropriate stress intensity factor ranges in the presence of closure, various alternative closure corrective methods have been proposed. [8, 18, 19] From the proposed methods, the adjusted compliance ratio technique by Donald et al. [18] has been found to agree most closely with the fracture mechanics derivation of the effective stress intensity range DK eff , which was developed by Lados et al. [20] Studies of crack closure in Al-Si-Mg alloys have been conducted, and roughness-induced closure has been linked to dispersoid content and heat treatment. [9, [11] [12] [13] A two-parameter approach to classify the fatigue crack growth behavior of materials based on the interdependence of DK and K max was suggested by Vasudevan and Sadananda. [21] The approach assumes that both the cyclic and maximum loads contribute to damage accumulation and crack propagation, so the crack growth behavior should depend on both DK and K max . This approach requires DK in the absence of closure, and thus small crack growth data has been used most commonly. If this approach were to be applied to long FCG data, then corrections for closure and residual stress would have to be applied first.
The current work investigates the effects of residual stresses on closure and on the crack path behavior of a common structural aluminum alloy, 6061-T61. The effects of residual stress are evaluated in terms of crack growth rates, applied stress ratio, stress intensity shift caused by closure, and transition to intergranular fracture. Closure and residual stress corrections were performed using the adjusted compliance ratio technique and a crack compliance technique, respectively. Crack path behavior is connected to the two parameter approach using DK and K max corrected for crack closure and residual stresses, respectively. The results are presented at several growth rates including crack threshold and the transition from transgranular to intergranular fracture. The work provides tools to compensate for closure, residual stresses, and stress ratio effects when FCG results are reported and used for microstructural design and optimization.
II. EXPERIMENTAL METHODOLOGY

A. Alloy, Processing, and Quasi-Static Mechanical Properties
A wrought Al-Si-Mg alloy, 6061, was studied. The composition of the 6061 is given in Table I .
The material coupon was T61 after rolling, which consisted of 1 hour of solution at 813 K (540°C), quenching in cold water at 283 K (10°C), 12 hours of natural aging, and completed with 8 hours of artificial aging at 448 K (175°C). Barker's etchant was used to reveal the grain size and orientation, and a grain size analysis yielded a 266-lm grain size in the rolling direction of the plate, with an aspect ratio of approximately 2:1 (Figures 1(a) and (b) ). A microstructural analysis of the 6061-T61 alloy revealed two types of secondary phases present in the microstructure. The secondary phases were identified via energy dispersive X-ray spectroscopy to be Mg 2 Si intermetallic phases and globular a-Al(FeMnCr)Si, both of which are broken and dispersed during the rolling process. These secondary phases are shown in Figure 1 (c). Mg-Si precipitates resulting from the natural and artificial aging process are also present in the microstructure. The Mg-Si precipitates are the primary strengthening mechanism. From the literature, it is also expected that submicron Mn and Cr dispersoids are present, given the composition of the alloy. The ambient temperature tensile properties of the alloy, parallel to the rolling direction of the plate, are presented in Table II .
B. Specimens
Compact tension specimens were prepared, measuring 50.8 mm (2 in) width (W) and 10.2 mm (0.4 in) thickness (B) , which met the ASTM E647 standard. [22] The overall dimensions were 63.5 mm 9 61.0 mm 9 10.2 mm (2.5 in 9 2.4 in 9 0.4 in). High-residual-stress specimens were machined from near final dimension coupons measuring 68.6 mm 9 66.0 mm 9 17.8 mm (2.7 in 9 2.6 in 9 0.7 in), and low-residual-stress specimens were machined from larger specimens, measuring 78.7 mm 976.2 mm 9 17.8 mm (3.1 in 9 3.0 in 9 0.7 in), so most of the residual stresses were relieved during machining. All specimens were heat treated before machining. The crack-initiation notch was introduced by wire EDM. It measured 25.4 mm (1 in) long from the front face and 12.7 mm (0.5 in) from the center of the loading pin holes. The EDM notch thickness was 0.254 mm (0.01 in). Before and after EDM of the crack starter notch, measurements were taken of the vertical distance between parallel reference scribe marks located on the front face of the CT specimen, nominally 10.2 mm (0.4 in) apart. These measurements were used to calculate the front face notch displacement and thus to determine the magnitude of residual stress present in the specimen. The front face notch displacements for all specimens and testing conditions are listed in Table III .
C. Introduction of Residual Stresses
Residual stresses were introduced in FCG specimens by thermal quenching from solution temperature of the alloy during the T61 heat treatment. The 6061 was quenched from a solution temperature of 813 K (540°C) into cold water of 283 K (10°C). Specimens containing low and high residual stresses were prepared in the same way, except that for the low-residual-stresses case, the coupon size during heat treatment was considerably larger such that specimen machining removed most of the residual stresses. The low residual stress was verified using a comparison of the front face notch displacements of the specimens.
D. Fatigue Crack Growth Testing
CT specimen FCG tests were performed according to the ASTM E647 standard. [22] Testing was done at ambient temperature, 295 K to 297 K (22°C to 24°C), and a relative humidity of 20 to 50 pct. FCG testing was performed under K-control conditions at nominal stress ratios of R = 0.1, 0.5, and 0.7 in both the low-residualstress and high-residual-stress states. The crack length was measured by the compliance technique.
All FCG testing followed the same testing procedure:
A decreasing K max test at 20 Hz to generate region I data, to determine crack growth threshold, DK th , (crack growth rate of 10 À7 mm/cycle). An increasing K max test at 20 Hz to generate region II data. An increasing K max test at 5 Hz to generate region III data. Posttest visual corrections to the crack length were applied per the ASTM E647 standard. [22] Posttest crack length measurements were performed with a stereographic measuring microscope at locations noted by ''marker bands'' inserted at each of the steps outlined previously. The crack lengths used for correction of FCG data were calculated using a weighted average of measurements on the specimen surface and interior, with points within the specimen interior given greater weight in the final average.
In addition, constant K max testing was performed on specimens containing low and high residual stresses at R = 0.1 and nominal K max of 10.9 MPaÖm (10.0 ksiÖin).
III. FATIGUE CRACK GROWTH TESTING RESULTS AND MICROSTRUCTURAL ANALYSIS
A. Constant K max Fatigue Crack Growth Testing Results
Constant K max tests were performed in addition to typical gradient K max fatigue crack growth tests to allow a comparison between the two specimens with similar applied load histories at each crack length. The only difference in crack growth behavior at any crack length is caused by residual stress and closure. A comparison of FCG behavior for both residual stress conditions is shown in Figure 2 . For the specimen with high residual stresses, a distinct symmetry can be observed for the measured crack growth rates (Figure 2(a) ), applied stress ratio R app (Figure 2(b) ), and change in effective stress intensity range caused by closure DK cl ( Figure 2 (c)). The stress ratio R app plotted in Figure 2 (b) includes effects of residual stress. The crack growth characteristics decrease or increase to reach their minimum or maximum values approximately half way through the width of the specimen and gradually increase or decrease approaching the characteristics of the low-residual-stress specimens after most of the stresses present in the specimen had been relieved because of crack propagation.
To calculate the real-time applied stress ratio R app shown in Figure 2 (b) a crack compliance technique [20] was used to calculate K res , which is the stress intensity caused by residual stress at the crack tip. The technique is derived from linear-elastic fracture mechanics and the final expression for K res is presented in Eq. [5] . [20] 
where dd P = 0 is the change in displacement at zero load and dd max is the change in displacement at maximum load. By superimposing K res calculated by Eq. [5] and the applied stress intensity factor, the crack growth driving force and stress ratio experienced by the crack tip can be calculated continuously at any crack length using Eqs. [3] and [4] . The variation of the realtime stress ratio for the low-and high-residual-stress specimens are presented in Figure 2 (b). The stress intensity change caused by closure, DK cl , was calculated using the adjusted compliance ratio (ACR) technique. [18, 20] The ACR technique applies fracture mechanics concepts to calculate the effective stress intensity range experienced at the crack tip after closure corrections. The relationship between DK, DK eff , and DK cl is given in Eq. [6] .
The adjusted compliance ratio is defined in Equation [7] as: 
where C s is the secant compliance, C o is the compliance above the opening load, and C i is the compliance of the notch before crack initiation. Once the ACR is determined, DK eff can be calculated as follows:
Substituting DK eff into Eq. [6] yields DK cl at any crack length (Eq. [9] ). The variation of DK cl as a function of the crack length for low-and high-residual-stress specimens are given in Figure 2 (c).
From the results presented in Figure 2 , it can be concluded that decreases in growth rates occur because of a decrease in the applied stress ratio R app and a corresponding increase in closure as a result of the presence of compressive residual stresses from quenching.
B. Gradient K max Fatigue Crack Growth Testing Results
To complement the constant K max and constant R tests described in Section III-A, fatigue crack growth tests were conducted under varying DK and constant R conditions outlined in Section II-D. In all gradient K max tests, the nominal stress ratio, which is defined by Eq. [2] , was held constant. Tests were conducted at R = 0.1, 0.5, and 0.7; DK was varied according to the K gradient methods of ASTM E647. [22] In contrast, experiments could have been performed with constant R app and varying DK app in aim of compensating for the residual stresses present in the specimen in a real-time approach to keep the applied stress ratio constant. This methodology was not performed, and testing followed the ASTM E647 standard. The testing was performed on specimens with both low-and high-residual-stresses. The results of the FCG tests and corrections using the ACR technique are shown in Figures 3(a) through (f).
In the R = 0.1 and 0.7 tests, high-residual-stress specimens generated higher fatigue crack growth thresholds DK th , higher Paris law slopes (m), lower Paris law intercepts (C), and larger front face notch displacements. At the intermediate stress ratio R = 0.5, the crack growth threshold and the notch displacement were larger; however, the Paris slope m and the Paris intercept C, exhibit the opposite trend. Unlike the low-and high-stress-ratio tests, which experienced most crack growth in the presence and absence of closure respectively, the intermediate stress ratio generates crack growth in the presence of partial closure. Under this condition, the portion of the fatigue crack growth test that will experience greater levels of closure (both microstructural roughness and residual stress induced) is the first segment of testing to achieve crack growth threshold values. After completion of the decreasing K portion of the test, the increasing K portion to collect region II will have a significantly higher K min and likely less influenced by closure. This phenomenon is compounded by the fact that residual stresses are relaxed by the growth of the fatigue crack. The result is significant discontinuity in slope between the first and second part of the fatigue crack growth test, which is observed in both Figures 3(b) and (e). This discontinuity results in difficulty calculating region II crack growth data, which is reliant on both portions of the test. The crack growth thresholds, Paris slopes and intercepts, and front face notch displacements for all specimens are listed in Table IV. The Paris regime power law corresponding to steadystate region II growth is given by
The changes in crack growth behavior in specimens containing the residual stresses outlined preciously are attributed to residual stress induced closure. In specimens containing minimal residual stresses, near-threshold crack growth behavior is governed by roughness induced closure effects. It is observable in Figures 3(a) through (c) that with increasing nominal stress ratio, the effects of roughness induced closure on specimens with minimal residual stresses are reduced, and crack growth thresholds are smaller. In the presence of compressive residual stresses, residual stress-induced closure and crack tip shielding increase crack growth thresholds and critical stress intensity factor ranges at failure. The application of the ACR technique to correct for the effects of closure, as shown in Figures 3 (d) through (f) , results in lower fatigue crack growth thresholds for specimens of both low and high residual stresses. Larger deviations in crack growth thresholds between specimens of low and high residual stresses can be observed with increasing nominal stress ratio. At intermediate and high nominal stress ratios, the effects residual stress induced closure will be reduced and changes in crack growth behavior will be primarily a result of the reduction of K max at the crack tip because of shielding by the current residual stresses. Quantification of the effects of residual stress on stress ratio and crack path characteristics such as roughness and branching is necessary to understand the shielding effect of residual stresses.
Similar to the constant K max tests, an online crack compliance technique was used to calculate K res (Eq. [5] ) and determine the real-time applied stress ratio. It is important to note that this calculation does not account for crack closure and is therefore not an accurate representation of the stress ratio felt at the crack tip. However, it offers a more accurate estimate than without residual stress correction. For all three stress ratios, the presence of compressive residual stresses because of quenching generates a decrease in stress ratio under small K max values. As the test continues, the combination of larger K max and decreasing K res results in the near equivalence between the nominal and applied stress ratios. At high K max , the only deviations from the nominal stress ratio are caused by plasticity effects. The results of applied stress ratio calculations are shown in Figures 4(a) through (c) for R = 0.1, 0.5, and 0.7, respectively. Experimental data points are presented with eighth-degree polynomial trend lines.
IV. MICROSCOPY OF THE FRACTURE SURFACES
Scanning electron microscopy (SEM) techniques were applied to the fracture surfaces to gain a stereoscopic perspective of the crack path and crack growth characteristics. SEM analysis was performed on the six K-gradient specimens with low and high residual stresses at R = 0.1, 0.5, and 0.7.
The FCG data for the six K-gradient tests performed are shown in Figure 5 , with the location where SEM fractographic analysis was performed indicated by the horizontal bars. A
SEM fractographic analysis of the near threshold behavior of the 6061-T61 alloy at R = 0.1, 0.5, and 0.7 in both low-and high-residual-stress conditions revealed faceted crack growth, which is typical of metallic materials. SEM fractographs are shown for the 6 testing conditions in Figures 6(a) through (f) . Measurement of the facet ridges revealed no correspondence to the measured average growth rates, which around crack growth threshold range from 0.1 to 1 nm/cycle. The calculation of the plastic zone shows correspondence between the plastic zone radius and the facet ridge spacing. In the R = 0.1, specimens the ridge spacing is observed every 5 to 10 lm, whereas in the R = 0.5 and R = 0.7 specimens, the ridge spacing occurs in larger increments of approximately 10 to 20 lm. It is important to add that the ridge spacing and apparent crack path tortuosity cannot be correlated to crack path roughness and roughness-induced closure on the microstructural scale with the current analysis techniques presented in this article. To calculate the plastic zone radius, a combination of plane strain and plane stress states was used, dependent on the degree of plane stress n (Eq. [12] ). The technique was developed by Lados and Apelian.
[23] 
In the presence of residual stress, using K max in the calculation of the plastic zone radius would not be accurate. To determine the maximum crack tip stress intensity, the superposition of the calculated K res to K max is necessary. The combination of K max and K res in Eqs. [11] and [12] yield
The radius of the plastic zone, K max +K res and DK eff were calculated for six testing conditions, and the results are presented in Table IV . The K max +K res and DK eff results from Table IV were plotted in a K max +K res vs DK eff space in Figure 7 . In addition to the data points, rays were plotted for the effective stress ratio R eff , which is equal to R eff = 0.1, 0.5, and 0.7. The effective stress ratio is stress ratio corrected for both residual stress effects on K max and closure on K min ; it is defined in Eq. [15] .
A clear interdependency between crack growth threshold and DK eff and K max +K res cannot be observed. It should be noted that the tests were performed on long crack specimens, making any calculations at crack growth threshold remote in regard to the crack tip. Therefore, the observed lack of interdependence is either a result of insensitivity of residual stress and closure correction measurements in the near-threshold regime or a lack of dependence between the two parameters and crack growth threshold.
B. Fractographic Analysis of Region II Crack Growth Behavior
A SEM fractographic analysis of region II crack growth in regions of average growth rates of 1 lm/cycle for the 6061-T61 alloy at R = 0.1, 0.5, and 0.7 in both low-and high-residual-stress conditions were performed. SEM fractographs for the six conditions tested are presented in Figures 8(a) through (f). Fatigue striations have been observed in all six conditions. Striation spacing was measured over a span of 50 to 100 striations at a crack length corresponding to an average growth rate of 1 lm/cycle. The measurement results are shown in Table V , and they indicate that the correlation between the average crack growth rate and striation spacing decreases with the increase in stress ratio.
SEM fractographs showing fatigue striations at higher magnification are shown in Figures 9(a) through (f) . The average measured growth rate is a combination of dynamic and static failures at any crack length; striations designate regions of dynamic failure. At higher stress ratios where a larger K max is required to produce an equivalent DK, higher levels of plasticity will lead to greater levels of static failure and tearing, and lower contributions of dynamic failure for a similar DK. The presence of increased plasticity and dimpling on fracture surfaces of specimens tested at a high stress ratio can be observed in Figures 8(c) and (f).
C. Fractographic Analysis of Region III Crack Growth Behavior
A SEM fractographic analysis of region III crack growth was performed for the 6061-T61 specimens with both low and high residual stresses tested at R = 0.1, 0.5, and 0.7. The fracture surfaces exhibited mixed dynamic and static failure, which is typical of metallic 
D. Mapping of SEM Surfaces
Maps of the fracture surfaces were generated using multiple SEM images (approximately 50) per surface; the total map size was 0.9 mm 9 14.8 mm for all six specimens. An examination of SEM mapping the fracture surfaces created at R = 0.1, presented in Figures 11(a) and (b) , show similar crack path behavior between low and high-residual-stress specimens at four selected growth rates corresponding to crack growth threshold, low region II, mid-region II, and upper region II crack growth. These regions of crack growth are additionally labeled A, B, C, and D, respectively, within the three figures. The regions bound by the first two lines in Figures 11 through 13(a) and (b) correspond to the precrack performed to the heat-affected zone of the EDM notching process and were not considered in the analysis. Fractographs reveal regions of high crack deflection at low crack growth rates, transitioning to regions of lower crack deflection, and higher plasticityinduced roughness at mid-region II crack growth rates and higher. In both specimens, a transition from high to low crack deflection is observed at an average growth rate of approximately 0.4 lm/cycle. This growth rate corresponds to a crack length of 24 mm and 21 mm in specimens containing low and high residual stresses, respectively.
Fractographs of surfaces created at R = 0.5 in Figures 12(a) and (b) show similar characteristics as R = 0.1. Fractographs reveal regions of high crack deflection at low growth rates, transitioning to regions of lower crack deflection, and higher plasticity induced roughness at mid-region II growth rates and higher. In both specimens, a transition from high to low crack deflection is observed at an average growth rate of approximately 0.3 lm/cycle. This growth rate corresponds to a crack length of 24 mm and 21 mm for specimens with low and high residual stresses, respectively. This transition is observable in both Figures 12(a) and (b) . Fractographs of surfaces created at R = 0.7 in Figures 13(a) and (b) show similar characteristics as fractographs generated at R = 0.1 and 0.5. Fractographs reveal regions of high crack deflection at low growth rates, transitioning to regions of lower crack deflection and higher plasticity-induced roughness at mid-region II growth rates and higher. In the specimen with low residual stresses, a large crack deflection spanning a length of 1 mm is visible at a crack length of approximately 16 mm, which left a large protrusion on the crack plane. In both specimens, a transition from high to low crack deflection is observed at an average growth rate of approximately 0.2 lm/cycle. This growth rate corresponds to a crack length of 24 mm and 23 mm for specimens with low and high residual stresses, respectively. This transition is observable in both Figures 13(a) and (b) .
During the analysis of Figures 11 through 13 (a) and (b) a distinction was drawn between crack surface roughness and crack deflection. Crack deflection corresponds to regions of high contrast in the SEM image, noting a change in surface orientation to the incoming electron beam. Deflections are therefore small and occur over the span of microns. Crack surface roughness, however, occurs over the span of a grain or grains, ranging in the hundreds of microns. From the generated SEM maps and optical microscopy in later sections, regions of crack growth at high DK are rougher than regions at low DK; however, there are more crack deflections at low DK than at high DK.
An analysis of the crack growth behavior in Figures 11 through 13(a) and (b) show a transition from regions containing high crack deflection to regions of low crack deflection. A unique combination of K max +K res and DK eff is required to make the transition between these two regions. The calculated K max +K res and DK eff at the transition regions are presented in Table VI .
Vasudevan and Sanananda [21] proposed that under any load ratio, a unique combination of K max and DK exists to initiate and propagate fatigue crack growth. Below this threshold value of K max and DK, no crack growth occurs. After the initiation of threshold, crack growth rates and microstructural fatigue crack growth mechanisms will change with changes in both or either of the driving parameters. An illustration of this original two parameter approach is presented in Figure 14(a) . However, it is required that in the presence of residual stress and closure that these artifacts of material testing are removed from the data to gain additional insight into the material response to cyclic loading. It was observed during analysis of fatigue crack growth threshold in Figure 7 that a dependency of both K max +K res and DK eff ; however, a two-parameter analysis of the necessary K max +K res and DK eff required to produce a variety of crack growth characteristics and crack growth rates will now be applied to the 6061-T61 alloy, which has been the motivation for presenting K max +K res and DK eff data during the progressive analysis of the fracture path thus far.
The K max +K res , and DK eff values necessary to produce growth rates ranging from 10 À7 to 10
À3
mm/cycle for all testing conditions of specimens with high and low residual stresses are presented in Figure 14 (b). Each specimen, tested at each nominal stress ratio, is plotted with markers placed at the desired grow rates. Under the ideal testing condition, external effects such as closure and residual stress would not be present, and the FCG results would correspond to characteristic material behavior. Progression through the K max +K res vs DK eff space would be linear, the slope corresponding to the nominal stress ratio, such as in the case of short crack growth.
Deviation from linearity is caused by residual stress and closure effects, and it must be considered to predict accurately behavior at the crack tip. It is observed that specimens containing high residual stresses, whose plots have a filled marker in Figure 14 (b), deviate from linearity more than the specimens with low residual stresses, whose plots have an open marker. Deviation from linearity can be measured conveniently using a R-squared calculation for each specimen; the R-squared values were found to be 0.987 and 0.987, 0.977 and 0.931, and 0.997 and 0.978, for specimens containing low and high residual stresses tested at R = 0.1, 0.5, and 0.7, respectively. In Al-Si-Mg alloys, alloyed with Mn or Cr such as the 6061 in the current study, crack deflection has been associated closely with interaction with submicron Al(FeMnCr)Si dispersoids finely distributed in the microstructure. [11, 12] It has been recognized commonly that the Mg-Si precipitates that result from aging are often looped or bypassed in the artificially aged condition. [9] Thus, it can be postulated that regions of high crack deflection are evidence of high crack path interaction with these dispersoids in Figures 11 through 13 . The unique combination of K max +K res , and DK eff corresponds to the necessary extent of damage at the crack tip because of plasticity and the necessary input strain energy to generate crack growth, which does not interact with the dispersoids. Plotting of the values on a K max +K res vs DK eff plot reveals a trend that would predict crack path deflection because of these dispersoids at other stress ratios, each having an unique K max +K res , and DK eff combination. These values are presented in a K max +K res vs DK eff plot in Figure 16 (a).
The two-parameter methodology was also extended to include the transition from transgranular to intergranular crack growth. Metallographic sections perpendicular to the fracture surfaces at the specimen midthickness were etched with Barker's reagent to reveal grain boundaries and grain orientation and contrast, as shown in Figure 15 . Crack length measurements were taken at the start of intergranular growth and the point at which all proceeding crack growth was intergranular. Optical micrographs for these two conditions are shown for the six testing specimens in Figure 15 . The K max +K res , and DK eff values for the measured crack lengths in Figure 15 were plotted in conjunction with the K max +K res , and DK eff values found to yield regions of lower crack deflection. The results are plotted in Figure 16 (a) and the growth rates presented in Figure 14 , starting at 10 À7 mm/cycle (threshold) and progressing up to 10 À3 mm/cycle, are plotted in Figure 16 (b). Unlike Figure 14 , Figure 16 (b) decouples each individual test, and best fit lines of equal growth rates are drawn to relate the separate tests to one another. Figure 16 shows several important characteristics of the 6061-T61 alloy. Five distinct regions of growth characteristics are defined: (1) transgranular growth with high crack deflection (orange), (2) transgranular growth with low crack deflection (green), (3) mixedmode growth (transgranular and intergranular growth) with high crack deflection (blue), (4) mixedmode growth with low crack deflection (purple), and (5) intergranular growth with low crack deflection (red). The transition to intergranular crack growth is not dependent on DK eff ; rather, the onset of, and complete transition to, intergranular fracture is solely dependent on the static contribution to damage given by K max +K res . The transition to intergranular fracture began between 20 and 25 MPaÖm and was complete at 31 to 36 MPaÖm. The radius of the plastic zone at the start of intergranular growth was calculated using Eq. [13] to be 270 to 440 lm, demonstrating correlation with the grain size of the 6061-T61 alloy normal to the crack plane. Figure 16(b) plots the measured growth rates as a function of K max +K res and DK eff . Power function fits were applied at each growth rate and a clear interdependence of DK eff and K max +K res to produce a desired growth rate is observed. The combination of Figures 16(a) and (b) serves as a tool to predict the crack path characteristics and crack growth rates at any K max +K res and DK eff . The tool can be applied equally to physically short cracks and to long cracks with quantitative understanding of the effects of closure and residual stress. 
V. CONCLUSIONS
The application of fracture mechanics principles, the effect of compressive residual stresses on nominal stress ratio, crack closure, and crack growth rates can be correlated in FCG tests conducted under constant K max and therefore having similar applied load histories. With increasing compressive residual stress, changes are observed in crack threshold DK th , Paris slope m, and Paris intercept C. In general, crack thresholds increase, Paris slopes increase, and Paris intercepts decrease. These parameters are vital inputs into FCG design, modeling, and life predictions. Residual stresses present in the test coupons should be taken into account when determining these parameters from experimentally generated FCG data.
An SEM fractographic analysis of the fracture surfaces reveals region I, region II, and region III crack growth behavior typical of ductile metallic materials. Facets produced in region I crack growth are present at all stress ratios in both low-and high-residual-stress conditions. Facet ridges show a correlation to the radius of the plastic zone at crack growth threshold. Striations observed in region II crack growth show decreasing correlation to average growth rates with increasing stress ratio. This decrease has been correlated to an increase in static failure and tearing during advanced stages of crack growth. The grain facets observed on the fracture surfaces during region III crack growth have a maximum size correlating to the grain size in the plane normal to the rolling direction of the original plate, which suggests that fracture at higher stress intensity range factors is primarily intergranular.
Fractographic and metallographic analyses show that when the residual stress contribution is taken into account, all specimens have similar crack path behavior. Furthermore, the contributions of crack closure mechanisms beyond residual stress can be detected by plotting experimental K max +K res vs DK eff data for various growth rates and comparing the result to the expected linear relationship for each nominal stress ratio in the absence of closure. At all applied stress ratios, and in the presence of low-and high-compressive-residual stresses, regions of high crack deflection occur at low values of K max +K res and DK eff because of the interaction with secondary phases in the material microstructure. It is suggested from the literature that crack deflections are likely because of interaction with Mn or Cr dispersoids. This reasoning is presented on the basis that globular a-Al(FeMnCr)Si and Mg 2 Si intermetallic phases are either fractured or looped along the fracture paths and Mg-Si precipitates are incoherent with the matrix phase after artificial aging and often are looped or bypassed. The interaction with secondary phases in the material microstructure continues until a critical K max +K res value is met, and then crack growth proceeds through intergranular regions. The transition from transgranular to intergranular crack growth does not show dependence on DK eff but rather K max +K res , corresponding to the static damage and radius of the plastic zone ahead of the crack tip. It was found that the radius of the plastic zone was 270 to 440 lm, corresponding to the grain size perpendicular to crack growth, at the point that crack growth was completely intergranular. The crack growth rates were plotted as a function of K max +K res and DK eff , and a clear interdependence between the two parameters and the resulting crack growth rate is observed. The developments in this study are meant to aid in the characterization of material response to FCG in the absence and presence of residual stress. Tools are presented to compensate for the presence of residual stresses in material and component design. It is shown that FCG behavior in the presence of residual stresses requires both knowledge of residual stresses introduced during processing and the material microstructure in order to make accurate predictions of the FCG behavior and life predictions. 
